Abstract: To investigate the chest computed tomography (CT) and F-18 fluoro-2-deoxy-D-glucose positron emission tomographic (FDG-PET) findings of posttransplant lymphoproliferative disorder (PTLD) in the thorax.
INTRODUCTION
P osttransplant lymphoproliferative disorder (PTLD) is a family of disorders that include lymphoid hyperplasia and lymphoid neoplasia. It occurs in the setting of immunosuppression after transplantation. The majority of PTLDs involve B cell proliferation and related Epstein-Barr virus (EBV) infection, because the EBV-infected B cells proliferate when the T cells are depleted due to therapeutic immunosuppression. [1] [2] [3] In 1968, Starzl described PTLD in renal transplant recipients. 4 The incidence of PTLD varies according to several factors that include the patient's age, the EBV status at the time of the transplantation, the donor source (living or nonliving), and the immunosuppressive regimen. The clinical manifestations of PTLD commonly include mononucleosis-type syndrome (ie, fever, fatigue, and sore throat), regional lymphoid tumors, and a disseminated disease. 5 It is very difficult to diagnose without a history of posttransplantation and histology confirmation. Because the symptoms of PTLD are often similar to those of other complications of transplantation, particularly infection and organ rejection, a high index of PTLD suspicion is crucial to preventing a delay in diagnosis. PTLD is a challenging complication of organ transplantation and if left untreated, is often fatal. 4 As PTLD that affects the thorax is rare, its chest computed tomography (CT) characteristics are not yet well-established. In this paper, the chest CT imaging and F-18 fluoro-2-deoxy-Dglucose positron emission tomographic (FDG-PET) characteristics of thoracic PTLD observed in 12 adult patients in a single tertiary referral center, and the results of their long-term followup are reported. The imaging features may provide some diagnostic clues for radiologists to consider the possibility of this condition in patients with organ transplants.
MATERIALS AND METHODS

Patient Characteristics
From April 1992 to December 2012, 8000 patients older than 18 years consecutively underwent organ (7090/8000) or hematopoietic stem cell (910/8000) transplantation at our tertiary referral hospital. PTLD was later diagnosed in 34 of these patients, which represents a 0.4% frequency (34/8000). The patients who have had autologous transplantations (n ¼ 20) were initially excluded. Then from among the cases of the 34 patients, the PTLD cases that involved various other organs were excluded (22/34). Finally, solid organ (11/12) and hematopoietic stem cell (1/12) transplantations in 12 of the 34 patients (35.3%) with thoracic involvement were included in this study (Figure 1 ). The study group consisted of 12 patients (9 men and 3 women). They underwent the following transplantations: 1 combined kidney and pancreas transplantation, and 5 kidney, 4 liver, 1 heart, and 1 hematopoietic stem cell transplantation. The median patient age at the time of the transplantation was 40 years (range, 28-68 years).
This retrospective study was approved by the Institutional Review Board of Asan Medical Center. The patients' informed consent was waived (Institutional Review Board reference number 2013-1097).
Diagnosis of PTLD and EBV Infection
The PTLD diagnosis was histopathologically established during the examination of the core biopsy material or the excision in all the patients (Figures 2-4) . The core biopsy was performed using an 18-gauge, double-action, and springactivated needle (Ace-cut; Create Medic, Yokohama, Japan). The tissue samples were reviewed by a pathologist (JH, with 22 years of experience in pathology as a hematologic malignancy specialist) and classified according to the World Health Organization classification.
To determine the frequency of EBV infection in the tissue affected by PTLD, in situ hybridization to identify Epstein-Barr virus-encoded RNA (EBER) was performed on all the specimens. Also, all the patients underwent an EBV polymerase chain reaction (PCR) test of their blood at the time of their diagnosis; and among them, 3 cases were subjected to routine EBV PCR monitoring for posttransplant surveillance.
CT Scanning Protocol
Various generations of CT scanners were used in this study (for a total of 12 CT scans). The most representative chest CT examinations were performed using SOMATOM (Siemens Medical Solutions, Forchheim, Germany) (8 patients) or Lightspeed volume computed tomography (VCT) (General Electric Medical Systems, Milwaukee, WI) (4 patients). The SOMATOM scanner was used with a 120 kV peak and 100 effective mAs with dose modulation. The reconstruction intervals were 3 to 5 mm thick and had no gap for the B50 algorithm, and were 1 mm thick with a 5 mm gap for the B60 algorithm. The General Electric CT scanner was used with the following parameters: a 120 kV peak and 100 to 300 mA with dose modulation. The reconstruction intervals were 2.5 to 5 mm thick and had no gap for the lung algorithm, and were 1.25 mm thick with a 5 mm gap for the bone algorithm. All the CT images were routinely reformatted on a coronal plane.
The scan range was from the supraclavicular area to the level of the adrenal glands. The CT contrast and 50 mL normal saline were injected at a rate of 2.5 mL/seconds using a power injector. All the images were viewed on the mediastinal axial image setting (width, 450 HU and level, 50 HU) and the lung window axial image setting (width, 1500 HU and level, À700 HU) in the picture archiving and communication system.
CT Evaluation
Two radiologists (MYK with 18 years of experience in thoracic radiology and GYY with 3 years of experience in radiology) who were blinded to the clinical data, except to the fact that the patients had PTLD, interpreted the 12 chest CT images in consensus.
The locations and characteristics of the imaging abnormalities seen on the chest CT (12/12) were evaluated. The lesions were classified into lymph nodes (LNs) and lung involvement according to their different patterns ( Table 3 ). The pleural lesion was evaluated as an ancillary finding.
The LN involvement was evaluated based on the following factors: the location according to the nodal station of the TNM stage, 6 bilaterality, number of lesions, size of the largest node in the short-access diameter (>5 mm) with clustering (more than 3), attenuation (HU), and heterogeneity compared to the adjacent muscle. The lung involvement was analyzed according to the location, numbers of lesions, size of the lesion's longest diameter, attenuation, and heterogeneity compared to the adjacent muscle, as well as according to the presence of necrotic lower attenuation. The presence of pleural effusion and laterality when the pleural effusion was improving after the treatment, and the high 18F-fluorodeoxy glucose PET/CT uptake (>2.5 maximumstandardized uptake value [SUVmax]) was simultaneously described.
FDG-PET Scanning Protocol
The FDG-PET was obtained using a commercially available machine (Discovery PET/CT 690; GE Health Care, Wisconsin) (>2.5 times the SUVmax). The mean interval between the CT and FDG-PET studies was 9.2 AE 8.6 days. On the FDG-PET scans, the 3 highest SUVmax values of the lesions were obtained, and the median value per patient was calculated. 
Statistical Analysis
All the values are given as medians (range), means AE stanstandard deviations for continuous variables, and frequencies and percentages for categorical variables. Statistical analysis was performed using a commercial statistical software package (SPSS for Windows, version 21.0, SPSS, Chicago, IL) by a statistician with 10-year experience (no author).
RESULTS
Patient Characteristics
The median age of the patients at the PTLD diagnosis was 46 years (range, 34-68). The median time between the transplantation and the PTLD onset was 49 months (range, 2-128).
Four patients presented with PTLD within the first 12 months after transplantation, which is called ''early-onset'' PTLD, and 8 patients presented with late-onset PTLD (>12 months after transplantation). Of the 12 PTLD patients, 1 (8.3%) was polymorphic and 11 (91.7%) was monomorphic; there were 8 cases of diffuse large B-cell lymphoma, 2 cases of peripheral T-cell lymphoma, not otherwise unspecified (PTCL, NOS), and a case of plasmacytoma. Twelve patients underwent in situ hybridization for EBER, and 10 of them showed positive signals in their tumor cell nuclei (Figures 2-4) .
Also, all the patients underwent an EBV PCR test of their blood at the time of their diagnosis. Among them, 8 cases had positive results and 3 cases had already been subjected to routine EBV PCR monitoring for posttransplant surveillance, and these patients showed seroconversion without antiviral therapy.
The thoracic involvement was often asymptomatic (58.3%, 7/12), and the diagnosis was initially suspected according to the radiology imaging features in the routine check-up. The most common clinical symptom was fever (4/12) ( Tables 1 and 2 ).
The chemotherapeutic regimens were R-CHOP (7/12; rituximab, cyclophosphamide, doxorubicine, vincristine, and prednisolone), CHOP (3/12; cyclophosphamide, doxorubicine, vincristine, and prednisolone), and rituximab only (1/12) . The response to the treatment after the chemotherapy was complete remission (58.3%, 7/12) or partial remission (33.3%, 4/12). One patient's response was undetermined due to follow-up loss.
CT Evaluations
The most common CT pattern had LN involvement (10/ 12) (Figure 2 ). The detailed findings are shown in Tables 3  and 4 . The median size of the involved LNs was 13 mm (range, 7-34). Of the 10 patients, 9 showed iso-attenuations, and all revealed homogenous attenuation, 9 multiple lesions, and 6 bilateral lesions. Abdominal lymphadenopathy was seen in 8 patients.
Regarding the lung involvement, 4 consolidative masses and 11 ill-defined nodules or nodular consolidations were identified in 3 patients (Figures 4-6 ). Only 1 lesion showed necrotic lower attenuation ( Figure 5 ). The median size of the lung lesion was 11 mm (range, 6-76). The most frequently involved lobe was the right upper lobe (73.3%, 11/15) (Figures 4 and 6 ). Three patients with lung lesions had multiple lesions (Tables 3 and 4 , and Figure 5 ). Of the 15 lung lesions, 13 showed iso-attenuation, and all showed homogenous attenuation.
Pleural involvement appeared as pleural effusion (33.3%, 4/12); and among the patients, three had unilateral pleural effusion (Figure 3) . Pleural involvement was concurrent with any other lesion as the LN (3/12) and the lung (1/12) involvement. There was no single imaging finding of isolated pleural involvement.
FDG-PET Evaluations
On the FDG-PET scans, the SUVmax of all the involved lesions was hypermetabolic (median, 7.7 and range, 2.7-25.5) ( Table 3) .
DISCUSSION
PTLD is a well-recognized complication of solid organ transplants and hematopoietic stem cell transplantation. 7 Although relatively uncommon, it is important because it can be fatal. Because the radiologic findings of PTLD are generally nonspecific, the radiologic features of PTLD are not yet wellestablished. In this study, we elucidated the CT and PET-CT findings of 12 patients with PTLD, focused on the thoracic involvement.
The CT features of thoracic PTLD were a large nodal mass and clusters of normal-sized LNs in the hilum, mediastinum, supraclavicular, cervical, and axillary areas. Lung involvement was relatively rare. Most of the LNs had a bilateral location and iso-attenuation and homogenous attenuation compared to the adjacent muscle. Necrosis was very rare, despite a large solitary nodal mass. In this study, combined abdominal lymphadenopathy was also common. These imaging findings are the same as those of lymphoma without a history of transplantation, which frequently appears as lymphadenopathy or occasionally, as a lung nodule or mass. 8, 9 Differential diagnoses include bacterial, fungal, or mycobacterial infection in the immunocompromised patient, which frequently appears as extensive airspace consolidation or a centrilobular or interstitial nodule of the lung. LN involvement is relatively rare in these infections. Primary or secondary malignancy usually shows asymmetric and unilateral lymphadenopathy, and heterogeneous attenuation with frequent necrotic attenuation. Previous studies have investigated the use of FDG-PET in PTLD. 10, 11 In the current study, all the involved lesions in the 10 patients revealed hypermetabolism on the FDG-PET. These results support the diagnosis of PTLD. FDG-PET is important for evaluating the systemic involvement of PTLD and intrathoracic lymphoma. 12, 13 Approximately 50% to 70% of all PTLD cases are related to EBV infection.
14 Activated T-cells suppress propagation and eliminate EBV-infected B cells, whereas T-cell function is impaired in immunocompromised subjects, which may result in uncontrolled proliferation of EBV-transformed B-cells. 15 Studies on the predictive role of the host EBV DNA (peripheral blood) in the risk of PTLD have shown conflicting results. 16, 17 This may be due to the differences in the patient populations studied with respect to age and the EBV serostatus at the time of the transplant. The British guideline on the routine surveillance of adult transplantation populations for EBV DNAemia via PCR does not recommend this outside the hematopoietic stem cell transplantation population, 18 whereas the American Society of Transplantation recommends posttransplant EBV viral load surveillance monthly for a year in EBV-seronegative recipients after solid organ transplantation. 17 In this study, only 3 patients underwent routine surveillance, and they showed seroconversion. Two patients had EBV-negative PTLD. The awareness of EBV-negative PTLD has increased over the past decade. The features of EBV-negative PTLD are known as late onset and poorer response to therapy. 19, 20 Additionally, it has been shown to be more frequently monomorphic than EBV-positive PTLD. 19 The incidence of PTLD is very low in our population compared with that in previous studies that reported the incidence of PTLD as 1% to 10%. 18 It is well known that the development of PTLD is closely related to the degree and level of immunosuppressive therapy. It has been shown that PTLD occurs at a much higher rate (ie, 10%-25%) in solid Number of Lesions organ transplants that require a higher degree of immunosuppression, such as the heart and lung, but the incidence rates are much lower (ie, 1%-5%) with transplants with lower immune suppression dosing such as the kidney or liver. 7 The majority of our patients (82.1%, 6571/8000) were kidney or liver transplant recipients. In addition, our center did not tend to use antithymocyte globulin or Orthoclone OKT3 for induction therapy, as they are known to be associated with an increased risk of PTLD.
This study had several limitations. The most significant of these was that our analysis was conducted at a single referral center with a small number of patients. Moreover, the monitoring of the CT or EBV surveillance was based on the decision of the attending physician for each transplant program. Finally, the type of transplant, and accordingly, the level of immunosuppression, was diverse in the patients in this study. These factors might have resulted in the CT and PET-CT findings.
In conclusion, in the patients with PTLD that involved the thorax, lymphadenopathy was the more common manifestation on the chest CT rather than lung involvement. The lesions showed hypermetabolism on the FDG-PET. 
